ABSTRACT An attempt has been made to assess the possible occupational exposure to arsenic, lead, and mercury during the Bronze Age. Archaeological, metallurgical, and historical evidence is combined to form a picture of the potential toxic hazards. In the case of arsenic a definite picture emerges of the effect of toxicity as a useful material is abandoned for health reasons on discovery of an acceptable alternative.
Sophisticated methods to determine the extent of occupational exposure to toxic elements such as arsenic, lead, and mercury are now available and are used to ensure the continued health of the workforce. From the earliest beginnings of metalworking the requirement for certain metals and alloys often involved a major personal hazard that was accepted as a normal consequence of the employment even in the most acutely debilitating cases. The results of chronic exposure may not even have been recognised as an occupational hazard, especially in view of the generally shorter lifetimes through disease and accident. There are three main sources of evidence from which it is possible to attempt to build up a picture of past metallurgical processes and thus to gain an understanding of occupational exposures by relating this evidence to our modern knowledge of metallurgy and process chemistry. These are literary and epigraphical sources, smelting sites and associated archaeological remains, and, finally, the surviving metal objects themselves. This paper attempts to examine the Bronze Age bronze working in detail to assess the potential hazard in producing arsenical copper alloys and high lead bronzes and in the mercury gilding of bronze. this connection it should be noted that the easily recognisable, brightly coloured sulphides orpiment and realgar are to be found associated with the oxidised copper ores whereas arsenical copper sulphides would occur at deeper levels in the mine. An unusual "earth" added to copper is described by Theophrastus as whitening the colour of copper. Aristotle describes a similar addition and notes that the failure of the discoverer to instruct anyone else in the process meant that subsequent alloy production from this region was of an inferior type. 4 Under reducing conditions most of the arsenic below a concentration of 7% is retained within the melt and lost only slowly from the surface2; few ancient artefacts exceed this value.
The presence of arsenic has been shown to have little effect on the cast or annealed condition, yet even a slight addition raises the maximum strength of hammered copper enormously, the hardness rising with the amount of arsenic (fig 1) found in many areas during the transition. These (C/') alloys were still produced by the older traditional pper alloys method of forging rather than casting.2 The cementation process of bronze manufacture where the oxides of tin and copper are smelted together hardnessess makes use of the lower melting point of copper once eved by later tin has begun to diffuse into the metal. The addition the reduced of lead increases the fluidity of the alloy and the coma deleterious posite alloy produced may be easily cast. Most of the iical coppers late Bronze Age artefacts were cast as double (two tnge of tem-part) moulds and needed little, if any, hammering.2 due to the The tin content of both archaic and classical Greek ition, copper statuettes is well defined8 within 6-10%, whereas the of arsenic lead contents are highly variable (fig 3) , the distribuie area under tion suggesting that no specific lead content was pre-)anube, the ferred. Vessels were normally made from sheet metal cted a heavy and are thus unleaded, although handles were cast ,nical copper and are leaded. Bronze armour which would require f the middle working to shape is also unleaded. the frequent
The the late Bronze Age. As this is the optimum concentration to facilitate casting the excess may have been a cheap diluent for an expensive metal. 6 As may be seen from fig 4 lead appears in the finished alloy as a discrete phase. Lead is almost totally insoluble in copper so that the bronze will crystallise with an intergranular liquid from which the lead will solidify as the temperature falls during casting. The molten bronze would normally have been cast at around 1000°C, certainly far higher than the melting point of lead (328°C). Evaporation of the lead will occur from the globules which are concentrated at the metal surface.9 Oxidation will also take place during cooling and subsequent processing will liberate lead oxide dusts. The bronzes described by Pliny are all of a strictly defined composition so that the highly variable lead contents of the finished products may be due to variable losses in processing.4 Once again the lack of attention to ventilation and personal hygiene would have presented an exposure hazard to this section of the workforce.
Mercury gilding on bronze
Mercury ores occur at Ephesus in Anatolia and at Almaden in Spain. The mercury was extracted by displacement from the sulphide ore mineral cinnabar by copper in the presence of vinegar.4 The pure metal was released from its copper amalgam by heating and condensation. Mercury gilded bronze is known from the fourth to first century BC in classical Greece.8 There are two possible techniques for the gilding of copper and silver using mercury. In the first the surface of the base metal object is amalgamated by rubbing mercury on to it followed by the application of gold leaf. In the second, used by the Greeks, a prepared gold mercury amalgam is spread over the base metal surface. In either case pretreatment with a mercury salt is helpful and the final stage is to heat the metal to evaporate the mercury leaving a continuous and strongly adherent film of gold on the surface.9 Other metals also form amalgams with mercury, the saturated weight percentage solution (at 20°C) being 2-15% for zinc, 0-61% for tin, and 1 3% for lead compared with 0-00032% for copper. There is a considerable likelihood of a solution of the first three metals spoiling the final gilding. In the case of lead, which is concentrated as globules on the surface rather than in solution in the copper, melting occurs at a temperature below the boiling point of mercury. For The chronic effects of lead toxicity such as renal disease and peripheral neuropathy mainly affecting the motor nerves may take many years to develop and may have passed unnoticed because of the high degree of exposure to lead from other sources, especially likely during the Roman period. The evidence for the separate identification of lead induced Harper colic by contemporary practitioners is equivocal and the connection between symptom and cause is unlikely to have been made.'0 The onset of the symptoms of chronic mercury poisoning is often similarly delayed. Such symptoms as tremor and erethism are again unlikely to have been correctly attributed given the prevailing state of medical knowledge even if they were to be separately identified from the general standard of health.
There is certainly no direct reference to any of these diseases in the ancient literature and the best evidence for the possibility that recognisable arsenic toxicity existed is the indirect inference that may be drawn from the history of usage. So far as other evidence for chronic metal poisoning is concerned it is only possible to draw conclusions in the manner that has been attempted here-that is, based on the probability of exposure estimated from a consideration of the processes and materials.
